Generating pure spin currents has been the main challenge for realizing highly efficient spintronics devices.
the SSE in YIG/C 60 /Pt structures, providing a new pathway for developing novel spincaloric materials.
Generating pure spin currents has been the main challenge for realizing highly efficient spintronics devices. 1 Notable effects under study for attaining pure spin currents are the spin Hall effect (SHE) 2 , spin pumping mechanism 3, 4 , and the spin Seebeck effect (SSE). 5, 6 In the last two approaches, a pure spin current is generated in a ferromagnetic (FM) material (which could be a metal 7 , insulator 8 , or semiconductor 9 ) and converted into a voltage drop via the inverse spin Hall effect (ISHE) in a nonmagnetic metal (NM) possessing strong spin-orbit coupling. In case of the SSE, the spin current J s can be expressed as
where G is the spin mixing conductance, is the gyromagnetic ratio, V a is the magnetic coherence volume, M s is the saturation magnetization, and Δ is the temperature difference between magnons in FM and electrons in NM. One of the key parameters essential for an efficient spin transport across a FM/NM interface is having a large spin mixing conductance, which directly correlates with a large spin current, as evident from Eq. (1). 10 According to Eq.
(1), increasing G is essential to transport large spin currents from FM to NM.
Since the first observation of SSE in the ferromagnetic insulator Y 3 Fe 5 O 2 (YIG) in 2010, 8 this material has become one of the most intensively studied systems for fundamental understanding of the underlying spin transport and for prospective spin caloritronic applications, among others. 5 [10] [11] [12] [13] [14] [15] It is generally accepted that spin transport through a material is limited by its spin diffusion length . While YIG has a large (~10 μm), a small value of Pt (~2 nm) has been reported. 16 Consequently, undesired effects, such as large surface roughness of YIG 17 and/or large perpendicular surface magnetic anisotropy of YIG 18 causing strong spin scattering, could suppress considerably the spin current injection into the Pt layer. The large conductivity mismatch between YIG and Pt could also decrease considerably the efficient spin transport in YIG/Pt. 19 It is therefore desirable to seek an intermediate material that can reduce both the perpendicular surface magnetic anisotropy of YIG and the conductivity mismatch between the YIG and Pt layers.
In this regard, an organic semiconductor (OSC) such as C 60 buckyballs can be considered as a promising candidate material due to its low spin-orbit coupling that essentially results in weak spin scattering and consequently a large spin diffusion length ( can be of the order of several hundred nanometers). 20, 21 Additionally, the C 60 buckyballs are semiconducting in nature 22 , thus when sandwiched between YIG and Pt layers, the conductivity mismatch between them is likely to be reduced. Figure 2b shows typical TS curves at 200 K for these samples as dc magnetic field was swept from positive saturation to negative saturation. As the field was swept from positive to negative saturation, the first peak corresponds to the bulk magnetocrystalline anisotropy field (H K ) and the second peak corresponds to the surface/interface magnetic anisotropy field (H KS ) of the system. The unique TS method of measuring magnetic anisotropy provides the advantage of measuring surface and bulk anisotropy separately. Since SSE is a surface/interface-related phenomenon, we are interested in H KS and its temperature evolution, as it controls surface magnetization and hence LSSE voltage. Figure 2c shows the temperature dependence of H KS for the YIG, YIG/Pt, and YIG/C 60 /Pt samples. As expected, H KS (T) for YIG shows a peak around 75 K, which has been attributed to the rotation of surface spins away from the perpendicular easy-axis direction. 25 It is worth noting in Fig. 2c that while the coating of Pt on the surface of YIG considerably increases H KS in YIG/Pt, as compared to YIG, the coating of C 60 on the surface of YIG drastically decreases H KS in YIG/C 60 /Pt. The decrease in H KS in YIG/C 60 /Pt can be due to the hybridization between the d z 2 orbital of Fe and p orbitals of C atoms. 24 As H KS inversely scales with V LSSE , 25 the decrease in H KS of YIG due to C 60 interface is expected to increase V LSSE in YIG/C 60 /Pt relative to YIG/Pt.
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To provide an in-depth understanding of the interfacial properties of the YIG/C 60 /Pt system in regards to the experimental measurements, we perform first principles simulation based on DFT for the atomic and electronic structure properties of the studied system. Details of the computational approach are given in the Methods section. Due to the limitations imposed by the complexity of the studied composite and the potentially large number of atoms in the supercell, we take advantage of the fact that the majority of the magnetic moment within the YIG unit cell is highly localized to the Fe sites 30 molecules is 60− 60 ≈ 4.13 Å and it is larger than the overall separation of 3.13 Å of the buckyball crystal 31 , which ensures a minimal interaction between adjacent buckyballs. All structural parameters are summarized in Table 1 , where results including the effects of the van der Waals interaction via the DFT-D3 approach are also shown. Our calculations indicate that 7 most of the characteristic distances do not change significantly, although is reduced by 0.01 Å, while (1) and (2) are reduced by 0.04 Å and 0.03 Å, respectively, upon taking the van der Waals dispersion into account.
The calculated average magnetic moments per layer are also shown in Fig. 3b . This suggests that there is a reduction of the interfacial PMA, which is consistent with our measurements of H KS in YIG/C 60 /Pt, and it is attributed to the hybridization of the Fe dz 2 orbitals with C p z orbitals 24 .
We also calculate the electronic density of states (DOS), where the spin-resolved results are given in Fig. 3c , while the total density of states is shown in Fig. 3d . In addition to DOS for the Pt/C 60 /Fe, we also present the obtained DOS for the Pt/Fe for comparison. The Fe/Pt structure is formed by removing the C 60 molecules and allowing the adjacent layers of Pt and Fe to relax and bond. It is interesting to note that while the Pt/Fe system exhibits a spin-polarized DOS near the position of the Fermi level, with the minority spins having the dominant contribution to the transport, for the Pt/C 60 /Fe structure both spins contribute almost equally to the DOS at the Fermi level (Fig. 3c) . This ultimately leads to a reduction in the conductivity mismatch between the Pt and Fe layers as a result of the C 60 interface. This situation is further clarified by the total DOS in Fig. 3d , which shows a significant enhancement of the conduction states near for the Pt/C 60 /Fe heterostructure as compared to the Pt/Fe system. In fact, it is found that DOS at for Pt/C 60 /Fe is about 600% larger than DOS at for Pt/Fe, which further 8 corroborates the giant SSE enhancement in our experiments. Even though the synthesized samples involve layers with different C 60 thicknesses, we note that the individual buckyball has an energy gap between its highest occupied molecular orbital and the lowest unoccupied molecular orbital, which is very similar to the semiconducting gaps of a linear chain of C 60 molecules 32 , thus the characteristic DOS behavior is due to the interface effects with the Pt and Fe layers and they are expected to be preserved regardless of the thickness of the C 60 layer. Thus the simulated structure as depicted in Fig. 3a is expected to be a good representative of the measured samples. 
where k is the spin current coefficient, ∇ is the temperature gradient, G is the spin current conductance, is the spin diffusion length of the corresponding material, t C60 is the thickness of the C 60 layer. Since it is difficult to obtain spin current magnitude from LSSE measurements, we have considered the ratio of the spin currents in both cases for our comparison purpose, 
In the spin-wave approximation, 12, 34 is proportional to (T/T C ) 12 However, since of NiO is relatively small (~1-2 nm), the hyperbolic function in the denominator of Eq. (3) increases, resulting in reduction of the spin current, as the NiO thickness is increased. In our case, as the thickness of the C 60 layer is increased, both hyperbolic terms in Eq. (3) increase, resulting in an exponential decrease of V LSEE . At the same time, reduction in H KS in YIG/C 60 /Pt due to hybridization between the d z 2 orbital of Fe and C atoms, which is evident from our TS studies and DFT calculations, would result in a net increase of spin moments at the YIG surface. 24 Also, it has recently been shown that the Stoner criteria for magnetism can be beaten in C 60 by the metal-molecule interface and can induce a magnetic moment in the metal surface. 23 Theoretical studies have shown that increase in surface magnetic moment density increases the spin mixing conductance. 14 This explains our observation of the enhanced V LSSE at room temperature in YIG/5nm C 60 /Pt for both single crystal and thin film 38 of YIG as compared to YIG/Pt, when c60 is relatively small at room temperature (~12 nm). The decrease in V LSSE with increasing the C 60 thickness (t C60 ) for the YIG/C 60 /Pt systems can be decribed by the relation V LSSE  e -t/ . 39 Fiting the C 60 thickness-dependent V LSSE data of YIG/5nm C 60 /Pt at 300 K to this equation has yielded c60 ~11±2 nm, which is similar to that reported for the Ni 80 Fe 20 /C 60 /Pt system ( c60 ~13±2 nm at 300 K) using the spin pumping method. 39 This indicates that the C 60 spin current arriving at the C 60 /Pt interface is proportional to e -t/ .
In conclusion, we have demonstrated a new, effective approach for enhancing the LSSE Transverse susceptibility (TS) measurements were performed using a self-resonant tunnel diode oscillator with a resonant frequency of 12 MHz and sensitivity in resolving frequency shift on the order of 10 Hz. 25, 26 The tunnel diode oscillator is integrated with an insert that plugs into a commercial Physical Properties Measurement System (PPMS, Quantum Design), which is used to apply dc magnetic fields (up to ±7 T) as well as provide the measurement temperature range (10 K < T < 300 K). In the experiment, the sample is placed in an inductive coil, which is part of an ultrastable, self-resonant tunnel-diode oscillator in which a perturbing small RF field (H AC ≈ 10 Oe) is applied perpendicular to the DC field. The coil with the sample is inserted into the PPMS chamber which can be varied the temperature from 10 K to 350 K in an applied field up to 7 T.
Computational Methods. The first principles simulations are performed using the local spin density approximation to the density functional theory (DFT) as implemented in the Quantum ESPRESSO package 35 . We use ultrasoft pseudopotentials with a kinetic energy cutoff of 320
eV. The exchange-correlation is treated within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 36 . For the calculations, we construct a supercell consisting of equally 
